Abstract In the screening of marine mangrove derived fungi for lovastatin productivity, endophytic Aspergillus luchuensis MERV10 exhibited the highest lovastatin productivity (9.5 mg/gds) in solid state fermentation (SSF) using rice bran. Aspergillus luchuensis MERV10 was used as the parental strain in which to induce genetic variabilities after application of different mixtures as well as doses of mutagens followed by three successive rounds of genome shuffling. Four potent mutants, UN6, UN28, NE11, and NE23, with lovastatin productivity equal to 2.0-, 2.11-, 1.95-, and 2.11-fold higher than the parental strain, respectively, were applied for three rounds of genome shuffling as the initial mutants. Four hereditarily stable recombinants (F3/3, F3/7, F3/9, and F3/13) were obtained with lovastatin productivity equal to 50.8, 57.0, 49.7, and 51.0 mg/gds, respectively. Recombinant strain F3/7 yielded 57.0 mg/gds of lovastatin, which is 6-fold and 2.85-fold higher, respectively, than the initial parental strain and the highest mutants UN28 and NE23. It was therefore selected for the optimization of lovastatin production through improvement of SSF parameters. Lovastatin productivity was increased 32-fold through strain improvement methods, including mutations and three successive rounds of genome shuffling followed by optimizing SSF factors.
172 El-Gendy et al. concurrent genetic variations at various locations throughout the whole genetic material without requiring genome sequences data [10] . This technique has also been successfully applied to enhance ayamycin and xylanase productivity from marine derived-microorganisms Nocardia sp. ALAA 2000 and Aspergillus sp. NRCF5, respectively as well as antimycotic and anti-hepatitis C virus (HCV) metabolites produced by mangrove fungi [9, 11, 12] . Solid state fermentation (SSF) is a method where by various agricultural wastes and polymers can be used for growing fungal species. Previous research has shown that several fungal strains are capable of producing statin pharmaceuticals in SSF using various wastes [8] .
To our knowledge, there are no reports on the overproduction of lovastatin in mangrove-derived fungi through strain improvement via genome shuffling followed by optimizing SSF factors using natural solid wastes as substrates, as a cheap and renewable source for statin drugs.
MATERIALS AND METHODS
Lovastatin-producing endophytic mangrove fungi (wild strains). The marine endophytic fungal strains were obtained previously [9] . Lovastatin-producing endophytic fungi were grown and preserved on potato dextrose agar (PDA) medium for 7 days at 28 o C until conidia formation.
Fermentation procedure. In a 500-mL Erlenmeyer flask, ten grams of solid substrate (wheat straw, wheat bran, rice husk, rice bran, corncob, sugarcane bagasse, potato peel, orange epicarp, lemon epicarp, cauliflower leaf waste, groundnut shell, saw dust, and tea dust) were adjusted to initial moisture content of 60% and pH 6 with particle size of 0.8 mm, sterilized, and then inoculated with 10 6 spore/ mL of the fungal strain under study. The fermentation was carried out at 28 o C for 5 days.
Lovastatin extraction and quantitative analysis. The fermented materials were dried at 50 o C, powdered, and then extracted with ethyl acetate (pH 3.0) in 250-mL Erlenmeyer flasks for 2 hr in a rotary shaker at 200 rpm at room temperature. Then the combination was centrifuged at 10,000 rpm for 10 min and supernatant was filtered through membrane filter with a pore size of 0.45 µm. This supernatant was kept for further analysis. To 1 mL of the supernatant, 1 mL of trifluroacetic acid (1%) was added and incubated for 10 min (lactonization of the hydroxyl acid form of lovastatin). From the above solution, 0.5 mL was taken and diluted 10 times with methanol. Its absorbance was read at 238 nm by UV-visible spectrophotometer [13] . Standard stock solution of lovastatin, and the calibration curve was created by plotting drug concentration versus the absorbance values measured by UV spectrophotometer [13, 14] . Lovastatin production was further established via the laboratory analytical technique thin layer chromatography (TLC). TLC plates were spotted with extracts along with the standard lovastatin. Loaded TLC plates were dipped into a solvent system containing toluene and ethanol in the ratio of 8 : 2. These plates were exposed to a UV lamp in order to visualize the spots [15] .
Application of mutagenesis and genome shuffling technique. The hyper-lovastatin producer strain, Aspergillus luchuensis MERV10, was selected for enhancement of lovastatin production by induction of mutations. Conidia from a week-old PDA slants were suspended in sterile normal saline solution (0.85% NaCl) containing 0.1% Tween-80 to disperse spore clumps. A suspension containing 10 8 conidia/ mL was treated with two combination methods of mutations for strain improvement. The first combination consisted of UV (254 nm) for 10 min at a distance of 20 cm as a physical mutagen, followed by 150 µg/mL N-methyl-N-nitro-Nnitrosoguanidine (NTG) added into the suspension and left for 60 min as chemical mutagen. The second combination consisted of two chemical mutagens: 150 µg/mL NTG and 250 µg/mL ethidium bromide (EtBr) in 0.85% NaCl for 60 min. The suspension of surviving spores was diluted and spread onto PDA medium supplemented with 0.1% Triton X-100, to limit the growth of the fungal colonies, and 50 µg/mL lovastatin, then incubated at 28 o C for 2~7 days. Colonies that appeared were chosen randomly and transferred to slants with PDA medium containing 50 µg/ mL lovastatin to be tested for lovastatin productivity, and hyper-lovastatin productivity mutants were then selected for further study [11, 16] .
To test the effect of genome shuffling on lovastatin productivity, four mutants induced from A. luchuensis MERV10 by various mutagenic treatments were selected. Protoplasts were prepared by enzymatic hydrolysis of mycelial suspensions using the procedure of El-Bondkly [11] , and El-Bondkly and El-Gendy [16] . Equal numbers of protoplasts from these mutants were mixed, centrifuged, and resuspended in 35% (w/v) polyethylene glycol 6000 solution containing 0.05 M glycine-NaOH buffer, pH 7.5, and 0.05 M CaCl 2 . After gently shaking at 30 o C for 10 min to allow the protoplasts to fuse, the fused protoplasts were diluted appropriately in an osmatically balanced phosphate buffer, and plated on the hypertonic regeneration medium. This is the same as the protoplast medium, with 0.7 M KCl, 0.1% (v/v) Triton X-100, 20.0 g/L agar, and 100 µg/mL lovastatin [11, 16] . The plates were incubated at 28 o C until colonies grew on the surface of plates. The colonies that found under these conditions were measured for lovastatin productivity, and those with the highest productivity were selected for the subsequent round of genome shuffling. Three successive rounds of genome shuffling were carried out using the same method; after each round, the lovastatin concentrations selected for further treatment were increased.
Biomass estimation and optimization of SSF factors for lovastatin production. Biomass estimation in SSF of each fermented substrate was recorded according to Augustine et al. [17] . The lovastatin yield parameters were optimized under SSF and the parameters optimized earlier were used in subsequent trials. These parameters were natural substrate wastes, supplementation of wheat bran with exogenous additives (such as glycerol, fructose, glucose, sucrose, lactose, maltose, peptone, yeast extract, beef extract, malt extract, soybean meal, Na-glutamate, corn steep solid, Tween-80, butyrolactone, dodecane, and sodium acetate at a concentration of 1% as well as ZnSO 4 preuss ATCC-18042 were also determined. The MICs were measured for all standard bacterial and fungal strains according to the National Committee for Clinical Laboratory Standards (NCCLS). MIC was defined as the lowest concentration at which no growth occurred. Plates were read in duplicate, and the highest MIC value was recorded. The MBC and MFC of each antifungal agent was determined as described previously [18, 19] .
RESULTS AND DISCUSSION
Screening of wild type strains for lovastatin productivity. Different mangrove fungal species (17 strains) (Table 1) were obtained from a previous study [9] and evaluated for lovastatin productivity by TLC analysis, followed by further estimation at 238 nm. The results showed that 82.35% (14 isolates) were positive for lovastatin production. Among them, A. luchuensis MERV10 showed the highest lovastatin activity (9.5 mg/gds) using rice bran in SSF; it was then selected for improvement studies (Table 1) . Endophytic microorganisms produced varieties of bioactive products with unique structure, including alkaloids, benzopyranones, chinones, flavonoids, phenolic acids, quinones, steroids, terpenoids, tetralones, xanthones, and others [20] . Furthermore, as reported by Osman et al. [14] and Chaynika and Srividya [15] , lovastatin production was detected in a wide range of fungi, such as A. oryzae, A. terreus, A. niger, Doratomyces stemonitis, Paecilomyces variotii, P. citrinum, P. chrysogenum, P. janthinellum, P. citrinum, P. spinulosum, Scopulariopsis brevicaulis, Trichoderma viride, and Mycelia sterile; of these, A. terreus was the best lovastatin producer. The results proved that the fungus, A. luchuensis MERV10 is an excellent source of lovastatin productivity, as well as a potential microorganism for gene transfer to improve the lovastatin yield.
Induction of genetic variabilities in A. luchuensis MERV10.
Aspergillus luchuensis MERV10 (9.5 mg/gds of lovastatin under SSF using rice bran) was subjected to a rational mutation-selection program based on resistance to lovastatin (50 µg/mL). Two different combination methods were used to generate populations of mutants. The colonies thus obtained were selected on 50 µg/mL lovastatin and screening for lovastatin productivity. As shown in Fig. 1 , the lovastatin productivity of different A. luchuensis mutants varied widely in comparison with the production of the original culture. A total 58 mutants were selected and tested for their ability in lovastatin production; of these, 32 were induced after treatment with the physical-chemical combination. The remaining 26 mutants were induced after (Fig. 1 ). The mutants with the highest lovastatin productivity, UN6, UN28, NE11, and NE23 (19.0, 20.0, 18.5, and 20.0 mg/gds, respectively), were selected as the initial mutants for the first round of genome shuffling (Fig. 2) . Prabhakar et al. [21] induced mutations in A. terreus KLV28 using ethyl methylsulphonate (EMS) and UV; their isolated mutant mu21 produced the highest yield of lovastatin. Furthermore, A. terreus that was subjected to EMS or UV mutagenesis led to mutants JPM-EMS2 and JPM-UV2, which yielded lovastatin in significant quantity: 948.5 and 1,553.02 mg/L, respectively [22] .
Application of genome shuffling technique for enhancement of lovastatin production. Application of the genome shuffling technique increased genetic diversity and gene doses by homologous recombination in the chosen mutant populations. The four selected mutants (UN6, UN28, NE11, and NE23) produced at least 94.74% more lovastatin than the original strain (9.5 mg/gds). Protoplast from each of these mutants was prepared, and all were pooled in equal ratio. After protoplast fusion, colonies that appeared on the regeneration medium supplemented with 100 µg/mL lovastatin were selected for fermentation in SSF using rice bran.
After the first round of genome shuffling, 18 isolates were isolated and tested for lovastatin productivity. All produced more lovastatin than the wild strain A. luchuensis MERV10. Their production ranged from 18.9 to 29.4 mg/ gds (classes C, D, and E) (Fig. 1) . Five fusants, F1/1, F1/5, F1/7, F1/11, and F1/13, showed greater increase in the yield of lovastatin (27.1, 25.4, 29.4, 24.7, and 28.9 mg/gds, respectively) (Fig. 2) . These fusants were then applied as the starter isolates for the second round of genome shuffling. This produced 17 colonies that were selected as resistant to 150 µg/mL lovastatin and assayed for lovastatin production. Their lovastatin yield ranged from 25.7 to 45.0 mg/gds (classes E, F, G, and H) (Fig. 1) . The fusants with the highest lovastatin productivity, F2/3, F2/5, F2/8, F2/13, and F2/15, exhibited a further enhancement in the production of lovastatin (30.5, 36.4, 40.7, 41 .0, and 45.0 mg/ gds, respectively) (Fig. 2) . These recombinants were subjected to a third round of genome shuffling. This produced 13 isolates that were resistant to 200 µg/mL lovastatin. These were tested for lovastatin productivity, which ranged from 45.0 to 57.0 mg/gds (classes H, I, J, and K) (Fig. 1) . The results showed that fusants F3/3, F3/7, F3/9, and F3/13 exhibited lovastatin productivity equal to 50.8, 57.0, 49.7, and 51.0 mg/gds, respectively (Fig. 2) . Recombinant strain F3/7 yielded 57.0 mg/gds of lovastatin, which is 6-fold and 2.85-fold higher than the original strain A. luchuensis MERV10 (9.5 mg/gds) and the highest mutants UN28 or NE23 (20.0 mg/gds), respectively. It was therefore selected for the optimization of lovastatin production under SSF.
The genome shuffling technique has been applied in many previous studies. After four rounds of genome shuffling, El-Bondkly [11] isolated the highest xylanase producer, recombinant R4/31, which produced 427.5 U/mL (612.5% more than the initial strain Aspergillus sp. NRCF5). Kavitha et al. [23] applied interspecific protoplast fusion between wild strains of Aspergillus terreus and Aspergillus flavus, which maximized lovastatin production under SSF. These studies approved that genome shuffling is an effective tool, building on genetic material recombination without any previous information about genome formation. To our Fig. 2 . Improvement of lovastatin production was achieved after induction of mutations and application of three rounds of genome shuffling compared to the original strain Aspergillus luchuensis MERV10. knowledge, ours is the first study to use the genome shuffling technique to improve lovastatin productivity under SSF. According to our results, induction of mutations followed by genome shuffling is a powerful and efficient tool to improve the productivity and other traits of industrial microorganisms.
Lovastatin productivity optimization in SSF by recombinant strain F3/7 of A. luchuensis MERV10.
Effect of different natural solid substrates and additives:
In our search to formulate a low-cost, effective production medium that supports the production of lovastatin from A. luchuensis recombinant strain F3/7, a variety of easily available and inexpensive agro-industrial residues were used and evaluated. The order of substrate suitability ( Table 2) was wheat bran (87.0 mg/gds) > rice bran (57.0 mg/gds) > sugarcane bagasse (50.7 mg/gds) > groundnut shell (49.6 mg/gds) > tea dust (45.0 mg/gds) > wheat straw (43.1 mg/ gds) > corncob (42.0 mg/gds) > saw dust (41.5 mg/gds) > cauliflower leaf waste (38.2 mg/gds) > rice husk (37.9 mg/ gds) > potato peel (30.4 mg/gds) > lemon epicarp (11.6 mg/ gds) > orange epicarp (10.2 mg/gds). Based on this screening study, wheat bran was chosen as the most suitable waste for further investigation of lovastatin optimization under SSF by recombinant strain F3/7. In line with our results, various species of Aspergillus such as A. terreus UV1718, and A. terreus 4, and other fungal species like Monascus sp., P. funiculosum, and P. ostreatus proved their ability to produce the maximum yield of lovastatin using wheat bran as the favored substrate [24] [25] [26] [27] [28] . On the other hand, Raghunath et al. [29] report that rice bran was the most suitable substrate, inducing the highest lovastatin production by endophytic A. niger. Osman et al. [14] report that among thewaste materials they tested, including molasses, apple waste, strawberry waste, bagasse, wheat bran, and corn meal, bagasse proved to be the most appropriate waste for lovastatin productivity by A. terreus, followed by strawberry waste.
Different carbon sources were used to enhance lovastatin productivity along with the wheat bran. As shown in Table  2 , although wheat bran can support lovastatin production to 87.0 mg/gds, wheat bran medium supplemented with lactose, followed by glycerol and maltose, increased lovastatin production by recombinant strain F3/7 by 1.31-fold, 1.17-fold, and 1.11-fold, respectively, but supplementation with readily metabolizable substrates such as glucose and fructose resulted in suppression of lovastatin productivity (74.18 and 65.13 mg/gds, respectively). Our results are in disagreement with Jaivel and Marimuthu [30] who reported a lower yield of lovastatin in SSF by A. terreus when lactose was incorporated into solid substrate, while lactose was found to be the best inducer for lovastatin productivity by A. terreus ATCC20542 and A. fischeri [31, 32] .
Different nitrogen sources were also added to improve lovastatin production, along with the wheat bran supplemented with lactose (Table 2 ). However, all of these additional nitrogen sources, including peptone, yeast extract, beef extract, malt extract, soybean meal, Na-glutamate, and corn steep solid, showed negative effect on lovastatin production by 26.15%, 15.92%, 42.53%, 24.94%, 42.32%, 20.49%, and 31.23%, respectively. It is essential to strike an appropriate equilibrium between carbon and nitrogen sources for achieving maximum lovastatin yield, as these two elements control the biomass and metabolite productivity [14] . Growth of A. terreus and lovastatin production were greatly affected by the C : N ratio in the medium. The highest C : N ratio supported the best fermentation conditions for lovastatin productivity [28, 33] .
Conversely, wheat bran medium supplemented with butyrolactone followed by sodium acetate, dodecane, and Tween-80 improved lovastatin production by fusant F3/7 strain by 2.30-fold, 2.21-fold, 1.81-fold, and 1.53-fold, Table 2) . On the other hand, the mineral ZnSO 4 had no effect on lovastatin production, whereas MgSO 4 reduced it by 56.41%. Our data support the data previously obtained by Xu et al. [34] with Monascus ruber, Bizukojc and Ledakowicz [35] with A. terreus and Osman et al. [14] with various fungi. All of these researchers reported that these supplementations produce better lovastatin yield by performing as a precursor for statin synthesis. Initial pH and incubation temperature effects: As presented in Table 3 , the initial pH of the substrates affected the peak lovastatin productivity. The maximum production of lovastatin was at a pH of 6.0. Lovastatin yield at this optimal pH was about 10.68-fold and 3.06-fold more than at pH values of 3.0 and 8.0, respectively. The pH range from 5 to 6 provided optimum conditions for lovastatin yield by A. terreus, A. fischerii and A. flavus. Similarly, the optimum initial pH for lovastatin yield in SSF is close to neutral pH, with minor differences that could be attributed to the kinds of substrates and microbes used in the fermentation procedure [23, 32, 36] . Manzoni and Rollini [37] statedthat by adjusting pH and gradually adding the carbon source, lovastatin productivity by filamentous fungi could improve fivefold. On the other hand, Jahromi et al. [38] indicated that the initial pH element has no significant effect on lovastatin yield, because they found no significant alteration in lovastatin yield by A. terreus ATCC 20542 and A. terreus ATCC 74135 at pH of 5 to 8. The incubation temperature is one of the significant factor affecting microbial activity and thus the production of bioactive compounds. Recombinant strain F3/7, when incubated at temperatures of (Table 3 ). At temperatures lower or higher than the optimum, less lovastatin production was observed. May other sources report 28 o C as the best for lovastatin production by A. terreus, A. fischerii, and endophytic A. niger [32, 36, 39] . Effect of substrate mass to flask volume ratio: The effect of various ratios of wheat bran mass to flask volume (0.5 : 50, 1 : 50, 2 : 50, 2.5 : 50, and 3 : 50) on lovastatin production was evaluated. Maximum yield of lovastatin (200.8 mg/gds) was detected in the flasks containing 10 g of wheat bran in a 500-mL Erlenmeyer flask (1 : 50) ( Table  3) . Lower or higher substrate mass per flask gave lower lovastatin yields. The level of substrate per unit area of working volume of the flask influences the porosity and aeration of the substrate [40] . A ratio of 1 : 50 of substrate mass to flask volume ratio has been reported as providing the maximum lovastatin production from the recombinant strain of the wild strains A. terreus and A. flavus [23] , but contrary to the present study, a much higher ratio of 1 : 10 was recommended by Gulyamova et al. [28] as the optimum ratio for lovastatin production by A. terreus. Typical time course of lovastatin production: The time course experiment revealed a steady increase in lovastatin production after the first day of fermentation (6.2 mg/gds) up to the seventh day (210.0 mg/gds), with no significant effect on the rate of lovastatin yield, indicating the onset of the stationary phase, which in turn favored the lovastatin production (Fig. 3) . Similar results were reported by Samiee et al. [41] and Dewi et al. [42] on lovastatin production by A. terreus which reached a peak after 7 days of fermentation under SSF. Other researchers have found that incubation times of 6~10 days were optimum for lovastatin yield by several fungi [29] . While the biosynthesis of lovastatin reached its maximum on the 11th day of growth in A. terreus 4, A. terreus 20, and Aspergillus sp. no. 76 strains by SSF using oat, wheat bran, and wheat bran, respectively [15, 28] . Pansuriya and Singhal [25] found that lovastatin yield by A. terreusin SSF improved until day 3 of fermentation, with no further improvement subsequently. Effects of inoculum size, initial moisture content, and particle size: The effect of inoculum size on lovastatin yield was estimated by changing the levels of inoculum from 10 2 to 10 9 spore/gds, in 10 g of wheat bran at 60% moisture content. Maximum productivity after 7 days of incubation (219.3 mg/gds) was detected with 10 5 spore/gds (Table 3) . Any additional increase in spore density leads to gradual decrease in lovastatin productivity. Conversely, Jahromi et al. [38] and Pansuriya and Singhal [25] reported that inoculum sizes did not affect lovastatin productivity by the two strains of A. terreus but using inoculum lower than 5 × 10 7 spore/mL can decrease the productivity of lovastatin.
Moisture level is the most critical factor in SSF; it often determines the success of a process. Solid substrate moistened at 50% initial moisture level afforded high lovastatin productivity (245.9 mg/gds) at the seventh day of fermentation. Moisture content greater or less than 50% was not favorable for the highest lovastatin production. This may be because of the adequate amount of oxygen and water present within the substrate. Jahromi et al. [38] suggest that 50% moisture content is optimal for lovastatin yield by two strains of A. terreus. Solid substrate with 60% moisture content resulted in maximum lovastatin production in A. flavipes and A. terreus [23] and mevastatin using P. citrinum NCIM 768 under SSF [43] but moisture content up to 75% enhanced lovastatin production by endophytic A. niger [39] .
From data in Fig. 4 , the particle size is a critical factor in SSF of wheat bran. Lovastatin production was increased from 76 to 304 mg/gds when particle size decreased from 2.0 to 0.4 mm. As reported by Jahromi et al. [38] , there are two different effects of particle size on SSF process at any given moisture content. The first is that smaller particle size increases the surface region of solid materials for the attachment and growth of the fungi; the second is that smaller particle size decreases inter-space between particles and gas phase oxygen transfer. The results obtained are in accordance with several authors, such as Valera et al. [24] who found that increasing the particle size of wheat bran as substrate from 0.4 to 1.1 mm in SSF led to reduction of lovastatin yield by A. flavipes. On the other hand, Wei et al. [44] found that ground rice at 420 µm reduced lovastatin production by A. terreus and Raghunath et al. [29] suggest an optimum particle size of solid substrate between 1.4 and 2 mm for maximum lovastatin production by A. terreus ATCC 74135.
Determination of MIC, MBC, and MFC against several bacterial and fungal strains. Results presented in Table 4 show that lovastatin is able to induce varying degrees of antimicrobial activities against several standard bacterial and fungal strains. The antibacterial activity was dependent on the standard strains as follow: E. coli ATCC-8739 (8/8 µg/mL), E. coli ATCC-35218 (8/16 µg/mL), E. [45] , different gram-positive and gram-negative bacteria [19, 46] , M. racemosus; Saccharomyces cerevisiae, pathogenic Candida sp. and Cryptococcus neoformans and opportunistic human pathogenic fungus C. albicans [7] . Chamilos et al. [5] reported that lovastatin had considerable fungicidal activity in vitro against all of the different Zygomycetes isolates tested, and was more active against Mucor sp. than Rhizopus and Cunninghamella sp.
This study recommends a feasible and effective low-cost fermentation strategy that result in a marked enhancement of the production of lovastatin, a cholesterol-lowering drug, from genetically modified endophytic mangrove fungal strain A. luchuensis MERV10. The results of this study also support gene transfer through genome shuffling technique, Fig. 4 . Effect of substrate particle size on lovastatin production by recombinant fusant F3/7 of Aspergillus luchuensis MERV10 under solid state fermentation.
followed by enhancement and optimization of procedure parameters, as effective methods to enhance production of microbial products of biotechnological importance. Further investigations are necessary to determine the relationship between these bioactive compounds, the producing strain, and the host mangrove plant during this intimate interaction.
